With the use of fluorescence and acetylcho linesterase histochemistry, marked reductions have been shown in the noradrenergic and acetylcholinesterase-pos itive innervation of the right (RMC) and left (LMC) middle cerebral arteries of old compared with young adult rabbits, The decrease in noradrenergic nerve density tended to be greater in LMC than in RMC: Nerve density
fell by -45% in LMC and by -30% in RMC. The reduc tions in acetylcholinesterase-positive nerves were similar in both LMC and RMC (29 and 33%, respectively). Vessel circumference and cross-sectional wall area appeared to increase in old age in LMC and RMC. Key Words: Ce rebral artery-Innervation-Noradrenergic-Old age Perivascular.
METHODS
Male New Zealand White rabbits were used throughout the study. Eleven young adult (aged 6 months to 1 year) and eight old (aged 3 years or more) animals were sac rificed by a blow to the head. The brain was quickly ex posed and removed. Short segments of the RMC and LMC were removed, together with underlying brain tissue, close to the junction with the circle of Willis. Each artery was cut into two equal segments. The half closest to the circle of Willis was used for fluorescence histo chemistry, and the more distal half for acetylcholines terase histochemistry.
Fluorescence histochemistry
The glyoxylic acid fluorescence histochemical method for catecholamines (Lindvall and Bjorklund, 1974) has been modified for use on frozen tissue sections (Amenta et aI., 1979) . The vessels were incubated for 1.5-2 h at room temperature in a 2% (wt/vol) solution of glyoxylic acid made up in 0. 1 M phosphate buffer, pH 7.2. The vessels for sectioning were embedded vertically in a cryo protectant (OCT compound; Lab-Te k Products) and quickly frozen in isopentane cooled in liquid nitrogen. Six-micrometer transverse sections were cut in a cryostat, using a knife cooled in dry ice, and mounted on nonfluorescing glass slides. They were left to dry at room temperature for 0.5-2 h. Variations in drying time (from 20 min to 4 h on the bench) were found to have little effect on the final fluorescence. The slides were then heated at 100°C for 4 min and quickly mounted in liquid paraffin.
For whole-mount preparations, surrounding loose con nective tissue was cleared from the vessels during incu bation in the same 2% glyoxylic acid solution. The vessels were then opened along their length and stretched on glass slides, adventitial surface uppermost. The prepa-rations were then allowed to dry until translucent. They were then heated at 100°C for 4 min and quickly mounted in liquid paraffin.
Catecholamine fluorescence was observed using a Zeiss photomicroscope equipped with epiillumination. A high-pressure mercury lamp (Osram HB50) was used as the light source. The absorption filter was band-pass 436/ 8 nm, the dichroic mirror was FT 460 nm, and the barrier filter was long-pass 470 nm.
Acetylcholinesterase histochemistry
The Karnovsky and Roots (1964) method was used to demonstrate the presence of specific cholinesterase in sections. The vessels were frozen-embedded in OCT compound immediately after dissection, and 6-fLm trans verse cryostat sections were cut as described above. The sections were fixed in Baker's formol calcium for 5 min. Pseudocholinesterase activity was blocked by treating the sections with 10-5 M tetraisopropylpyrophosphoramide (Iso-OMPA) for 30 min at room temperature. The sections were incubated in fresh acetylthiocholine medium for 2 h. The sections were counterstained with 2% light green in 2% acetic acid, dehydrated through graded alcohols, and mounted in DPX mounting medium.
Consecutive sections were treated with formaldehyde vapour at 80°C for 1 h for the demonstration of primary catecholamines (Falck et aI., 1962) , and with acetylcho linesterase histochemistry to determine whether nor adrenaline and acetylcholinesterase were localised in sep arate populations of nerves.
Semiquantitative measurements
The following counts and measurements were made di rectly from the microscope, using a x 40 Neofluar objec tive.
1. The number of either fluorescent or cholinesterase positive nerve bundles around the whole circumference of the vessel wall.
2. The number of fluorescent nerve varicosities around the whole circumference of the vessel wall. Varicosities were identified by their intense fluorescence compared with nonvaricose sections of nerves. Cholinesterase his tochemistry did not give reliable identification of nerve varicosities.
3. The circumference of the vessel wall at the adven titial-medial border was measured using a calibrated mi- croscope eyepiece graticule. The circumference of some of the vessels was measured using camera Lucida tracings and a map measurer. The two sets of results were com parable; measurements using the latter method were con sistently 15% less than those using the former method.
4. Camera lucida tracings of the vessel wall using a polar planimeter were utilized to measure the sectioned area of the muscle wall of the blood vessels. Artefactual changes in the vessel wall due to preparative procedures were assumed to be constant for the two age groups.
At least six sections of each vessel were counted and measured for fluorescence and for acetylcholinesterase. Counts were expressed as nerves per millimeter of vessel circumference and as total numbers of nerves per whole vessel circumference. Mean nerve densities and standard errors were calculated and compared using the two-tailed Student's t test. A few specimens were damaged during preparation and were excluded.
RESULTS
The adrenergic and acetylcholinesterase-positive nerve densities of both the LMC and RMC showed statistically significant decreases between young and old adults (Tables 1 and 2). The most marked decrease was in the LMC, where noradrenergic nerve bundle density fell by 45% (p < 0.001) and varicosity density fell by 48% (p < 0.02) ( Fig. 1) . In the RMC, nerve bundle density fell by 30% (p < 0.05), while varicosity density fell by 45% (p < 0.05) (Fig. 2 ). The differences between LMC and RMC were not statistically significant. Acetylcholines terase-positive nerve density fell in the LMC by 26% (p < 0.001) and in the RMC by 33% (p < 0.01) (Fig. 3) .
The number of noradrenergic nerves and vari cosities counted around the whole circumference of the LMC and RMC showed small but statistically insignificant reductions in old adults. In contrast, the total numbers of acetylcholinesterase-positive nerves per whole vessel section were reduced by 28% in the LMC (p < 0.01) and by 27% in the RMC (p < 0.05). Staining consecutive sections for cate cholamines and for acetylcholinesterase showed that the nerve populations stained by the two tech niques were separate from each other. The vessel wall tended to increase in area and circumference in old age. Circumference measure ments on the segment of vessel used for fluores cence (adjacent to the circle of Willis) showed a similar increase in both the LMC and RMC. In the LMC, the circumference increased by 31 % from an average of 650 /-Lm in young animals (n = 8) to 850 /-Lm in old animals (n = 8). In the RMC it increased by 45%, from an average of 620 /-Lm (n = 9) to 900 /-Lm (n = 6). Wall thickness also increased signifi cantly in the LMC (p < 0. 02) and RMC (p < 0.05) in old age, suggesting that the increase in circum ference with aging was not due to artefactual stretching of these vessels. Area measurements were made on transverse sections of the more distal segment of the vessels, which was used for acetyl cholinesterase histochemistry: The area measured included the media and adventitia. Area increased in the LMC from an average of 0.022 mm 2 in young animals (n = 6) to 0. 044 mm 2 in the old animals (n = 6), and in the RMC from an average of 0.024 (n = 6) to 0. 04 mm 2 (n = 6). However, the circum ference of the distal segment did not increase with age, unlike the more proximal part of the vessels. This difference may have resulted from the different treatments of the two regions before freezing, one region having been incubated in glyoxylic acid be fore freezing and the other frozen without any pre treatment.
DISCUSSION
This study has shown a marked, statistically sig nificant reduction in the density of the noradren ergic and acetylcholinesterase-positive innervation of the RMC and LMC associated with old age. The reduction in noradrenergic nerve density tended to be greater in the LMC (�45%) than in the RMC ( � 30%). There were � 50% fewer noradrenergic varicosities in the LMC in old adult compared with young adult vessels.
The extent of involvement of the autonomic nerves of blood vessels in the regulation of cerebral blood flow is still a matter of controversy (Purves, 1978; Heistad and Marcus, 1981) . However, elec trical stimulation of the perivascular nerves has shown them to be important in the regulation of cerebral blood flow in hypertensive rats (Bill and Linder, 1976; Edvinsson et aI., 1976a) . These studies suggest that the sympathetic nerves atten uate any increases in cerebral blood flow once the autoregulatory capacity of the vessels is surpassed, especially in severe hypertension, and possibly in sudden upsurges of blood pressure in normotensive animals. In stroke-prone, spontaneously hyperten sive rats, unilateral superior cervical ganglionec tomy resulted in the localisation of all subsequent cerebral haemorrhages and most ischaemic infarc tions in the denervated cerebral hemisphere (Sa doshima et aI., 1981) . These observations suggest that the sympathetic innervation of cerebral arteries protects them against stroke.
In the present study there appeared to be an in crease in vessel size and wall area in old age. How ever, a loss of elasticity in the vessel wall in old age may have caused the older vessels to shrink less than the younger ones on removal. This would tend to accentuate the size differences between young and old vessels. Other rabbit arteries have been shown to increase in size into old age (Cowen et aI., 1982) . The total number of noradrenergic nerves and varicosities around the whole vessel circumfer ence showed no change in old animals. The reduced densities may therefore be the result of a spreading out of the existing nerves over the increased surface area of the vessel wall rather than of nerve loss. In this respect, aging in the cerebral arteries may differ from that seen in the renal and carotid arteries of the rabbit, where nerve loss was demonstrated (Cowen et aI., 1982) . The reduced nerve density and increased vessel circumference of the old-age ves sels is unlikely to have been due to an artefactual stretching of this group of vessels during prepara tion for several reasons. The vessels were all re moved and fixed in the relaxed state aft�r exsan guination, and the folded luminal surface (see Fig.  3 ) demonstrates that they were not artefactually stretched. Wall thickness increased significantly be tween young adulthood and old age, again arguing against artefactual stretching. Finally, the vessels in old age are characteristically inelastic (T. Cowen, personal observations). The functional implications of the reduced nerve density are the same as those for nerve loss, in that the transmitter concentration at the muscle cell surface is reduced in old age as a result of the increased diffusion path. The in creased fibroblast and connective tissue content of aging blood vessel walls (Toda et aI. , 1980; Fischer et aI. , 1980) adds to the transmitter diffusion path, and the observation that fibroblasts can metabolise noradrenaline (Jacobowitz, 1972) may further re duce the transmitter concentration en route from nerve to muscle.
Histochemical and electron microscopic studies have demonstrated a cholinergic perivascular nerve plexus in cerebral arteries (I wa yama et aI. , 1970; Owman et aI., 1974; Edvinsson et aI. , 1976b; Lee, 1981) . These nerves have been shown to survive sympathectomy (Amenta et aI., 1980; Lee, 1981) and may be vasodilatory (Edvinsson et aI., 1976b) , although their precise role remains in doubt (Flor ence and Bevan, 1979; Duckles, 1981) . There is ev idence that in some vessels cholinergic nerves run parallel to the adrenergic plexus and may act by a prejunctional inhibition of sympathetic activity (lwayama et aI., 1970; Edvinsson et aI., 1976b) . The parallel reductions in adrenergic and acetylcholin esterase-positive nerves in old age shown in the present study may provide further evidence of an interrelationship between these two groups of nerves in cerebral arteries.
There is increasing evidence that positive staining for acetylcholinesterase is not reliable evidence for the presence of cholinergic nerves (Barajas, 1978; Hume and Waterson, 1978; Papka, 1978; Burn stock, 1981; Gibbins, 1982) . Cholinesterase staining may be associated with noradrenergic nerve bun dles (Furness, 1973) , and substance P has been shown to act as a specific substrate for the pepti dase activity of acetylcholinesterase (Chubb, 1980) . 
